Purpose: To investigate the impact of a second-generation noiseoptimized monoenergetic algorithm on selection of the optimal energy level, image quality, and effect of patient body habitus for dual-energy multidetector computed tomography of the pancreas.
D ual-energy multidetector computed tomography (MDCT) (DECT) with the use of a monoenergetic algorithm has the potential to improve the detection of pancreatic disease by significantly increasing the conspicuity of pancreatic parenchymal enhancement at lower energy levels. [1] [2] [3] [4] [5] [6] [7] Although low-energy monoenergetic images (ie, < 70 keV) from a dual-energy acquisition can maximize iodine contrast by improving iodine x-ray attenuation (nearing the k-edge of iodine), their clinical utility is often limited due to a significant increase in noise and vulnerability to artifacts, particularly during abdominal examinations. [5] [6] [7] [8] In an attempt to mitigate the noise that occurs with lowenergy monoenergetic data sets at low energies, a second-generation noise-optimized monoenergetic reconstruction algorithm has been recently developed. 9 This algorithm uses a spatial frequency-split technique to merge the superior contrast information from the low energy data with the reduced-noise characteristics of the higher energy dual-energy reconstructed data sets. Preliminary evidence 10, 11 suggests that, compared with a conventional 120-kV single energy acquisition, this new method may improve tumor-to-pancreas contrast-to-noise ratio (CNR) and readers' preference at low energy levels (ie, 40 and 55 keV). 10, 11 Prior evidence has shown that, in addition to CNR, other important factors should be considered when selecting an optimal monoenergetic energy level for a given diagnostic task. For example, using a first-generation monoenergetic algorithm, the patient body habitus has shown to significantly affect the optimal monoenergetic energy level for abdominal imaging applications. 6, 12 Furthermore, noise itself may pose a significant barrier in the acceptance of lower monoenergetic images for routine diagnostic interpretations, irrespective of the CNR information. To the best of our knowledge, however, there are no data regarding the effect of these additional confounding factors for the selection of the optimal energy level using a second-generation monoenergetic algorithm.
The purpose of our study was to investigate the impact of a second-generation noise-optimized monoenergetic algorithm on selection of the optimal energy level, image quality, and effect of patient body habitus for DECT of the pancreas.
MATERIALS AND METHODS
This retrospective, single-center, Health Insurance Portability and Accountability Act-compliant study was approved by the institutional review board and a waiver of informed consent was obtained.
One author of the study is an employee of Siemens Medical Solutions. No other authors are employees of or consultants for industry or had control of inclusion of any data and information that could represent a conflict-of-interest. There was no industry support specifically for this study. Figure 1 portrays the subjects' accrual flowchart, which is based on the Standards for Reporting of Diagnostic Accuracy initiative. 13, 14 One hundred sixty-seven consecutive patients who underwent contrast-enhanced DECT of the pancreas between April 1, 2015, and August 1, 2015, were considered eligible for inclusion into the study. Clinical indications for DECT included (1) clinical suspicion for pancreatic cancer based on the patient's clinical history and/or elevated tumor markers levels (ie, carbohydrate antigen 19-9 and carcinoembryonic antigen) (n = 95) or (2) patients known to have or suspected of having a pancreatic lesion on the basis of the results of prior imaging studies, such as endoscopic ultrasonography, MDCT, or magnetic resonance imaging (n = 72). Subjects were considered ineligible for this study if (1) the CT examination of the pancreas was performed with a single-energy CT protocol (our institutional protocol for patients with a total body weight greater than 136 kg (300 lbs) 15, 16 ; (2) the dual-phase DECT of the pancreas was performed using a single-source rapid kV switching DECT platform (not compatible with a second-generation monoenergetic algorithm); (3) inadequate image quality due to either suboptimal injection technique, poor timing for the acquisition of the pancreatic parenchymal phase, or deviations from the routine DECT protocol (eg., inappropriate selection of the dual-energy pair or dual-energy reconstruction kernel by the CT technologist). Of the initial 167 eligible patients, 108 were excluded from our original target population (Fig. 1) .
Study Population
Our final study population was composed of 59 consecutive patients (mean age, 62 ± 13 years; range, 27-88 years; mean body weight, 87.1 ± 19 kg; range, 46-135 kg), including 38 men (mean age, 63 ± 12 years; age range, 30-88 years) and 21 women (mean age, 56 ± 14 years; age range, 27-83 years). The mean patient effective diameter, calculated by the square root of the anteroposterior diameter times the transverse diameter was 33 ± 4.3 cm (range, 21-43 cm). 17, 18 
DECT Acquisition Protocol
All scans were performed using a second-generation dualsource DECT platform (SOMATOM Definition FLASH; Siemens Medical Solutions, Forchheim, Germany), operating 2 x-ray tubes and two 64-row detectors with fully integrated electronics (Stellar Detector; Siemens Medical Solutions). All examinations were performed using a dual-phase pancreatic DECT protocol. All patients were positioned supine with feet first on the scanning table. The scanning protocol started with the acquisition of anteroposterior and lateral digital localizer radiographs. The first acquisition was performed during the pancreatic parenchymal phase in a single-breath helical scan of the pancreas obtained using a DECT acquisition with an 80/Sn140 kV energy pair, where Sn indicates tin filtration ( Table 1 ). The second acquisition was performed during the portal venous phase in a singlebreath helical scan of the abdomen and pelvis obtained using a single-energy 120-kV acquisition. For both dual-energy and single-energy MDCT acquisitions, automatic exposure control (Care Dose4D; Siemens Medical Solutions) was used routinely (Table 1) . Each patient was scanned in the craniocaudal direction after intravenous injection of contrast medium.
To determine the scanning delay for the pancreatic parenchymal phase, the time-to-peak aortic enhancement was assessed by using an automatic bolus-tracking technique with automated scan-triggering software. The pancreatic parenchymal phase acquisition was started automatically 30 seconds after the trigger threshold (100 Hounsfield units [HU]) was reached at the level of the supraceliac abdominal aorta. 19 All patients received 150 mL of an intravenous nonionic contrast medium with an iodine concentration of 300 mg iodine/mL(iopamidol, Isovue 300; Bracco Diagnostics, Princeton, NJ). The bolus of contrast medium was injected through an 18-20 gauge cannula inserted into an antecubital fossa vein using a dual-chamber mechanical power injector (Empower; E-Z-Em, Lake Success, NY) at a flow rate of 4 mL/s.
Image Reconstruction
Dual-energy monoenergetic data sets at energy levels ranging from 40 to 80 keV (in increments of 5 keV) were reconstructed using a commercially available software (Syngo Dual energy, version VA30; Siemens Medical Solutions). Monoenergetic reconstructions were obtained using both a first-generation (Syngo Dual Energy Monoenergetic) and a second-generation noise-optimized (Syngo Dual Energy Monoenergetic Plus) monoenergetic algorithm. 9 Images were reconstructed using a dual-energy kernel (Q30) at 1.5-mm reconstructed section thickness and 1.0-mm overlap.
Quantitative Data Analysis
The different monoenergetic data sets were transferred to an independent research workstation and analyzed using a code written in MATLAB Software (MathWorks, Natick, Mass). For this code, the size, shape, and position of the regions of interest (ROIs) were kept constant among the different reconstructed data sets by applying the copy-and-paste function. The workstation was equipped with a high-resolution, 27-in. (matrix size, 1920 Â 1080 pixels), color liquid crystal display monitor (Planar Systems, Inc.). All measurements were performed by a boardcertified abdominal radiologist (…), with 5 years of experience in abdominal imaging.
The mean pancreatic parenchyma attenuation (in HU) was obtained by manually drawing an ROI encompassing a large area of the pancreatic gland (mean number of pixels, 112 ± 13; range, 95-295). Care was taken to exclude the peripancreatic vessels, main pancreatic duct and secondary duct branches, any pancreatic lesions, or artifacts. Furthermore, to minimize potential confounding effect from nonuniform enhancement of the pancreas (for example, in patients with focal areas of pancreatitis or pancreatic atrophy secondary to downstream obstruction of the main pancreatic duct), attenuation measurements were performed at 3 different anatomic levels (ie, the head, body, and tail of the pancreas). The mean pancreatic parenchyma attenuation for each patient was calculated by averaging the measurements at the 3 different anatomical locations.
The mean muscle attenuation was obtained by manually drawing an ROI within a homogeneous portion of the psoas muscles (mean number of pixels, 112 ± 13; range, 95-295). To maximize consistency, the measurements of muscle attenuation were performed at 3 different locations within the psoas on the same image, and average values were calculated. Noise was measured using the mean standard deviation of pixel values from the ROIs drawn in the muscle.
Pancreatic CNR was calculated according to the following formula:
where ROI pancreas is the mean pancreatic attenuation, ROI muscle is the mean muscle attenuation, and SD noise is the image noise.
In an attempt to account for the detrimental effect of noise alone on image quality, the pancreatic CNR was also calculated applying a noise constraint (CNR NC ) in our clinical study. 20 This image quality index requires that the following 2 conditions be met in the assessment of the optimal energy needed to achieve maximal CNR: . α is a coefficient that specifies the level of noise constraint; this can be adjusted according to the diagnostic task and allowable noise. Based on the previously reported similarities in image quality between 70-keV monoenergetic images and standard-of-care single energy 120-kV acquisition, 8, 9, 21 we regarded the 70-keV monoenergetic image sets as our reference technique for defining the baseline noise level for individual patients. As previously proposed by Yu et al, 20 a low level of noise constrains (α = 1.15) was applied to investigate the optimal pancreatic CNR. With this approach, monoenergetic images yielding noise levels that exceeded the noise of our reference technique by more than 15% were regarded as unacceptable for diagnostic purposes.
Qualitative Data Analysis
For each patient, 3 independent radiologists (…) with 4, 5, and 9 years of experience in abdominal imaging, subjectively assessed image quality for both the first-generation and secondgeneration monoenergetic algorithms. To minimize the effect of recall bias from the interpretation of multiple data sets from a single study in the same patient, 22 only reconstructed monoenergetic data sets at 40, 50, 60, and 70 keV were presented to the readers. Furthermore, the order of the multiple reconstructed data sets for each patient was randomized and presented to the readers during 4 evaluation sessions, separated by a 4-week interval. All patient identifiers (including name, age, sex, and medical record numbers) were removed from the images. Each reconstructed data set was initially presented using a preset soft tissue window (window width, 350 HU; window level, +40 HU), but readers were given the opportunity to modify the window level settings according to their best preference. During each reading session, the ambient lighting condition was kept constant at approximately 35 to 40 lux to maximize perception of fine details and image quality properties.
Readers assessed image quality using a standardized template according to a 5-point Likert scales (Table 2 ). Image quality assessment was performed in agreement with the recommendations of the International Commission on Radiation Units and Measurements Image and the European Guidelines on Quality Criteria for Computerized Tomography. 23 The following attributes of image quality were evaluated: (1) pancreatic enhancement (defined as the enhancement of pancreatic parenchyma compared to the enhancement of adjacent organs); (2) sharpness (defined as the discreteness of the margins of main pancreatic duct and peripancreatic vasculature, such as the celiac, gastroduodenal, and superior mesenteric arteries); (3) noise (defined as the amount of graininess or mottle of the image); (4) artifacts (including beam hardening or streaks due to metal or high density materials, such as residual barium within the colonic lumen); (5) overall image quality (regarded as the reader's desire to use a certain image to confidently detect the presence or absence of pancreatic pathology). 24 Readers were instructed that overall quality scores of 1 and 2 were regarded as inadequate for diagnostic purposes, whereas scores of 3, 4, or 5 were regarded as diagnostically adequate.
To maximize objectivity and reproducibility of the reader's interpretation of image quality, standardized criteria were presented to the readers in a training session held immediately prior the first reading session. Training consisted of the reader's assessment of 7 representative and criteria-based examples, which were used only for the purposes of training (not used in the subsequent analysis). There was no time limit for the readers to complete the training session and the subsequent analysis.
Statistical Analysis
The optimal energy level was selected for each method by identifying the maximum CNR among the subset of energies for which the noise was not greater than the noise constraint (α = 1.15). The corresponding energy level at the maximum CNR NC was designated as the optimal energy. The optimal energy levels were analyzed relative to patient's effective diameter (in cm). The significance of the difference between first-generation and second-generation algorithms at each energy level for noise and pancreatic contrast-to-noise ratio (CNR pancreas) was assessed using the Wilcoxon signed rank test of median difference equal to zero.
The inter-reader agreement for subjective image quality was assessed with Cohen weighted k (k > 0.81, excellent agreement; k = 0.61-0.80, good agreement; k = 0.41-0.60, moderate agreement; k = 0.21-0.40, fair agreement; k < 0.20, poor agreement). Percentage agreement was also computed.
For all comparisons, statistical significance was assumed to be P less than 0.05. All statistical analyses were performed by using a commercially available statistical software package (SAS version 9.3; SAS Institute, Cary, NC).
RESULTS

Quantitative Analysis
For both first-generation and second-generation monoenergetic algorithms, noise was significantly lower between 60 and 80 keV compared with lower reconstructed energy levels (ie, between 40 and 55 keV). For all energy levels below 70 keV, noise was significantly lower with the second-generation algorithm compared with first-generation monoenergetic algorithm (P ≤ 0.05 for all comparisons) (Fig. 2A) . The reduction in noise using the second-generation monoenergetic algorithm yielded significantly higher CNR pancreas for all energy levels (P < 0.001 for all comparisons), with the exception of 75 keV (Fig. 2B) . Specifically, our data showed a 59% increase in the maximal CNR pancreas for the second-generation algorithm compared with firstgeneration monoenergetic algorithm (CNR = 5.1 ± 3.4 vs 3.2 ± 2.2, respectively; P < 0.001).
In our patient population, the maximal CNR pancreas for the second-generation monoenergetic algorithm occurred between 40 and 45 keV, with 98% (58 of 59) of the patients demonstrating maximal CNR pancreas at 40 keV. In contrast, the maximal CNR pancreas for the first-generation monoenergetic algorithm occurred between 40 and 75 keV, without a single representative energy level that could encompass the majority of patients (Table 3) . When the optimal CNR pancreas was calculated using CNR NC , the optimal monoenergetic level for the second-generation and firstgeneration monoenergetic algorithm occurred at 65 keV for 50 of 59 patients (85%) and 70 keV for 44 of 59 patients (75%), respectively (Table 3) .
Qualitative Analysis
For all assessed image quality characteristics, the reader's perception of image quality improved significantly for the 40, 50, and 60 keV reconstructed monoenergetic data sets, with the use of the second-generation monoenergetic algorithm compared with first-generation monoenergetic algorithm (P < 0.001) ( Table 4) . No significant differences were observed between the 2 monoenergetic algorithms for reconstructed monoenergetic data sets higher than 60 keV.
Image quality data for the second-generation monoenergetic algorithm showed that, although reader's perception of pancreatic parenchymal enhancement significantly improved at 40 keV, subjective scores of overall image quality, noise, and artifacts were significantly better using 60 and 70 keV reconstructed monoenergetic data sets (Figs. 3-5) . We also observed improved visualization of the main pancreatic duct and peripancreatic vasculature at 40, 50, and 60 keV reconstructed monoenergetic data sets, with the use of the second-generation monoenergetic algorithm compared with first-generation monoenergetic algorithm (P < 0.001) ( Table 4) . 
DISCUSSION
Our study results suggest that a second-generation noiseoptimized monoenergetic algorithm significantly improves the image quality of lower-energy monoenergetic data sets during DECT of the pancreas. Our data showed that, compared with first-generation monoenergetic algorithm, the second-generation monoenergetic algorithm results in a 121% reduction in noise at 40 keV (47 ± 15 vs 104 ± 34). This effect led to a 117% increase in the pancreatic CNR at 40 keV, along with a significant improvement in reader's perception of pancreatic parenchymal enhancement. Our results are in agreement with recent observations, which indicated an approximately 6-fold and 3-fold increase in the tumor-to-pancreas CNR at 40 and 55 keV, respectively, with a second-generation compared with first-generation monoenergetic algorithm. 10, 11 Despite our quantitative data and the results of previous studies seem to indicate 40 keV as the optimal energy level for imaging of the pancreas using a second-generation monoenergetic algorithm, 10,11 our qualitative results showed that readers preferred higher reconstructed energies (60 keV) for a confident interpretation of pancreatic CT imaging studies. Interestingly, the latter observation is in line with our results regarding the optimal pancreatic CNR using a noise constraint. We postulate that, among several factors that may explain this discrepancy, noise may have a principal role. Our data showed that, although the second-generation monoenergetic algorithm was able to partially counteract the increase in noise at lower energies, noise remained elevated at 40 keV with an almost threefold increase compared to 70 keV. Long recognized as a major cause of loss of image quality, noise may represent a significant barrier to the widespread clinical implementation of low keV imaging. 
